Ixodid ticks vector pathogens of humans, livestock, and wildlife, and occur in tropical and temperate regions worldwide. We used the lone star tick, Amblyomma americanum (L.) (Ixodida: Ixodidae), as a model for other ixodid species, including the southern cattle fever tick, Rhipicephalus (Boophilus) microplus (Canestrini) (Ixodida: Ixodidae). We assessed the lethality of CimeXa, an inert silica-based desiccant dust, and Drione, a silica-based desiccant dust with pyrethrin and piperonyl butoxide (PBO), against A. americanum larvae and nymphs on calves. CimeXa was highly lethal to larvae released onto shaved calf skin 72-96 h previously, and moderately toxic to nymphs. It did not affect immature life stages treated after they began feeding because desiccation was offset by ingestion of blood. Being inert, CimeXa can protect cattle from infestation before feeding occurs for a potentially indefinite period of time. Drione killed immatures within 24 h when released on treated skin and when applied to feeding ixodids because of the pyrethrin and PBO (PBO will also reduce resistance to pyrethrin if it develops). When CimeXa was applied to calves with the hair intact, ≈90% and ≈70% of A. americanum larvae and nymphs, respectively, were killed within 24 h and Drione killed 100% of each life stage. Drione also prevented and drastically reduced egg production and hatching. While CimeXa protects against infestation by immatures, Drione will also control ticks that are feeding. When pyrethrin and PBO in Drione eventually degrade, the silica aerogel carrier can continue to protect against infestation indefinitely.
CimeXa is a silica aerogel-based commercial product that induces dehydration of arthropods by destroying their protective wax cuticle (Akhtar and Isman 2013, Goddard and Mascheck 2015) . The product is as lethal to bed bugs, Cimex lectularius (L.), as commercially marketed deltamethrin-and permethrin-based insecticides (Donahue et al. 2015) , and diatomaceous earth mixed with the neonicotinoid dinotefuran (Goddard and Mascheck 2015) . Dust-based desiccant products are more effective better than pyrethroid sprays (Anderson and Cowles 2012, Donahue et al. 2015) for bed bug control. CimeXa is more lethal to larval and nymphal A. americanum than kaolin-based Surround WP, killing 100% within 24 h under laboratory conditions (Showler et al. 2018) . Under natural field conditions, larval and nymphal Gulf coast ticks, Amblyomma maculatum (Say), were reduced by 94% within 24 h on Gulf cordgrass, Spartina spartinae (Trin.) Merr. Ex Hitchc. (Poales: Poaceae) (Showler et al. 2018) . Drione is a silica-based dust containing pyrethrin and piperonyl butoxide (PBO) which combines the dehydration effect of a silica gel with that of a synergized nerve toxin. Drione is registered for controlling ants, cockroaches, silverfish, bed bugs, fleas, spiders, crickets, and wasps in homes, restaurants, stores, hotels, hospitals, schools, theaters, and other places where people are present and where food is handled. The purpose of this study was to determine the acute lethal, and selected sublethal, effects of two dust-based pesticides, CimeXa and Drione, on A. americanum larvae and nymphs on cattle.
Materials and Methods

Amblyomma americanum
Experiments were conducted at the USDA-ARS Knipling-Bushland United States Livestock Insects Research Laboratory (KBUSLIRL) in Kerrville, Kerr County, TX. Amblyomma americanum were from the 14th generation of a closed colony of wild-caught (August 2006 ) ticks maintained at KBUSLIRL. Larvae and nymphs used in this study were 6-to 12-d-old after hatching and molting, respectively. Female A. americanum were nourished on calves, Bos taurus L. (USDA-ARS 2012).
Dust Formulations
CimeXa (Rockwell Labs, Kansas City, MO) is comprised of 92.1% silica gel with a particle size of 1-50 µm. In terms of active ingredients, Drione (Aventis, Montvale, NJ) is 40% (by weight) amorphous silica dioxide, 10% PBO, and 1% pyrethrin.
Application of CimeXa to Shaved Calf Skin
On each of six 183.1 ± 5.1 kg Hereford calves, three pouches and three stockinettes were glued to six 16-cm-diameter circular areas of bare (shaved) skin on the sides (Lysyk 2008 (Lysyk , 2013 using INSTAbond AD-80 (ACCRAbond, Olive Branch, MS), a solventbased adhesive. Three pouches and stockinettes were glued to each side of the calf. The pouches and stockinettes were comprised of 100% cotton with binder clips for sealing the pouch and also to permit access to the interior for observations. Once the glue dried for 24 h, ticks were released inside the pouches and stockinettes. The pouches and stockinettes encompassed ≈17.8 × 20.3 cm areas and had 30-cm-long pockets extending outward. Five hundred A. americanum larvae were transferred to the bare calf skin in each of two pouches and 100 nymphs were similarly transferred to the bare skin under each of two stockinettes. Each calf received four dust treatments, one treatment per pouch and stockinette. One of the pouches and one of the stockinettes were not treated with CimeXa (controls). The treatments were randomly assigned to the pouches and stockinettes so that each of the six calves served as a replicate for all four treatments and two controls. For two of the treatments, ≈0.72 g of CimeXa was dusted onto the skin beneath a pouch and a stockinette using a 42.5-g travel-sized empty Johnson's baby powder container (New Brunswick, NJ) before the larvae and nymphs, respectively, were released into them. In the second pouch and stockinette, larvae and nymphs, respectively, were released and allowed to become attached to the calf's skin for 24 h, then all but 50 larvae and 20 nymphs were removed from the calf using forceps and CimeXa was applied to the area and the ticks under the pouch and stockinette as previously described. The patches and stockinettes on all six calves were opened at 24, 48, 72, and 96 h after the treatments were applied and numbers of dead ticks were counted. At 96 h, numbers of ticks that had fed and dropped from the calf skin into the stockinette to molt were counted. Dead ticks were unresponsive when touched with forceps; most of them had fallen from the calf skin and were counted on the interior of each stockinette.
Application of Drione to Shaved Calf Skin
The experimental procedure described above was repeated using Drione instead of CimeXa. Six other calves, weighing 187.4 ± 5.3 kg each, were used. The control for larvae was replicated five times while the control for nymphs and each of the Drione treatments for larvae and nymphs were replicated six times. Each replicate received 0.9 g of Drione (Drione is heavier than CimeXa).
Application of CimeXa and Drione to Calf's Hair
Six Hereford calves were used in this experiment (the same calves as in the other experiments after hand washing with soap, triple-rinsing with a hose, and 3 wk in a pasture). On each side of each calf, three 5 cm wide borders were shaved encircling three 16 cm diameter of skin with the hair intact. Three pouches and three stockinettes were randomly assigned to and glued to the six shaved circles, enclosing hirsute areas inside. One of the pouches and one of the stockinettes were nontreated controls. CimeXa was applied in the same way as before one of the pouches and in one of the stockinettes, and Drione was applied using the same method to the third pouch and the third stockinette. Five hundred A. americanum larvae and 100 nymphs were released into each pouch and stockinette, respectively, 4 h following treatment application. After 24 h, the patches and stockinettes were removed and the hair under the patches was probed, using bare fingers, to count attached larvae and nymphs. The interiors of the pouches and stockinettes were inspected to count free-living and dead ticks.
Sublethal Exposure and Effects
To determine lethal and nonlethal levels of exposure to CimeXa and Drione to nonfed adult female A. americanum, six groups of five nonfed adults were transferred to 30-ml glass vials, with 0.1, 0.5, 1, 5, 10, and 50 mg of CimeXa, and other vials with the same quantities of Drione. The control did not contain either of the dust products. The vials were capped and gently shaken by hand five times to ensure full-body exposure of each adult ixodid to the treatments. The contents of each vial was poured into a 4.5-cm-diameter Petri dish and covered with a tightly fitting lid. The ticks were observed 2, 4, 6, 24, and 48 h after the treatment was applied. Immobilization and mortality were recorded at each sampling time. Ticks were considered to be immobilized if they were unable to crawl despite movement of appendages and ticks that did not move appendages for 30 s were assumed to be dead (those individuals were not observed to move again throughout the rest of the 48-h bioassay). The same bioassay was also conducted using replete females.
A separate bioassay involved exposing five nonmated adult A. americanum females to 0.1 mg of CimeXa in the same way as in the first bioassay. Each group of five treated females was placed in a stockinette on a calf and 10 nontreated, nonmated males were also transferred into the stockinette. The same procedure was used for 0.5 mg of CimeXa. The ticks under the stockinettes were left to mate and feed. When the replete females dropped after 7-9 d, each was placed in a separate preweighed 30-ml glass vial with a ventilated lid and stored at 27°C, 85% RH. By 30 d, egg masses had been deposited in the vials and the females were removed. The vial was weighed again and the empty vial weight was subtracted to determine the weight of the egg mass inside. The eggs were stored for 48 d to ensure that all of the viable eggs hatched. Percentages of eggs that hatched in each egg mass were visually estimated by each of the two authors and the estimates were averaged. Drione was not used in this bioassay because even the lowest amount killed all of the ticks.
The second bioassay was repeated using five nonmated females and 10 nonmated males per treatment replicate. Treatments were 0.1 and 0.5 mg of CimeXa, and the control did not receive CimeXa. The ixodids of each treatment were fed, replete females were collected, and egg masses were weighed and percentage hatch determined. In a final bioassay, five replete females that had dropped from the calf were exposed to 0.1 and 0.5 mg of CimeXa and their egg masses were weighed and percentage hatch determined as in the second bioassay.
Statistical Analyses
Each data set was analyzed using one-way ANOVA for a completely randomized arrangement of treatments. Percentage data were arcsin-square root-transformed before analysis. For the bioassay on determining effects of exposure levels against adult female A. americanum, the one-way ANOVA was accompanied by a 5 × 7 factorial analysis (Analytical Software 2008) using the five different sampling times and the seven exposure levels as factors. The twosample t-test (Analytical Software 2008) was used to detect differences in terms of immobilization and mortality between the two dust products (data from the control were not included).
Results
Application of CimeXa to Shaved Calf Skin
Mortality of larvae and nymphs was, in some treatments, negligible and in others mortality was not observed by the 72-h sampling time.
At 96 h, percentage larval mortality was 2.4-fold higher (F = 11.70, df = 23, 143, P < 0.0001) than nymph mortality in the bioassay where the calf skin was dusted with CimeXa before the ticks were released (Table 1) . Percentage larval mortality on the predusted calf skin at the 96-h sampling time was ≈8.8-fold greater than in the treatment where larvae were dusted while feeding on the calf, and no larvae were dead in the control (Table 1) . Percentage nymph mortality was 3.7 times and 3.4 times greater, respectively, on predusted calf skin than in the treatment where larvae were feeding on the calf, and 4.4 times greater than the control for nymphs ( Table 1) .
Ticks that had fed to repletion dropped from the calf to molt after the 72-h sampling time and they were counted at 96 h. Percentages of dropped replete larvae in the larvae control, and where CimeXa was applied while larvae were feeding, were ≥8.4-fold higher than where larvae were released on predusted skin (F = 21.64, df = 5, 35, P < 0.0001) ( Fig. 1 ). Percentages of replete nymphs that dropped were ≈1.4 times higher in the control for nymphs and where the nymphs were feeding on the calf before treatment than where the nymphs were released on treated calf skin ( Fig. 1) . Skin reactions to CimeXa and Drione, such as rash and swelling, were not observed at any time during the study.
Application of Drione to Shaved Calf Skin
Mortality was not observed in the larvae control until the 96-h sampling time. In the nymph control, 10% ± 10 mortality occurred by 48 h and increased to 14.5% ± 10.0 by the 96-h sampling time. Larval and nymphal mortality was 100% in all of the Drione treatments by 24 h (F = 12.62, df = 15, 95 P < 0.0001). In the controls, 45.8% ± 2.5 and 85.5% ± 10.0 of the larvae and nymphs, respectively, dropped from the calf to molt, but none of the ticks dropped from the calf in the Drione treatments (F = 97.01, df = 5, 34, P < 0.0001).
Application of CimeXa and Drione to Calf's Hair
The complete mortality of larvae observed in the Drione treatment was 1.1-and 5.1-fold greater than in the CimeXa treatment and the control, respectively (F = 102.59, df = 5, 35, P < 0.0001), 24 h after the ticks were transferred onto the calves (Fig. 2 ). Nymphs were also completely eliminated in the Drione treatment by 24 h, 1.4-and 11.8-fold more in terms of percentage mortality than in the CimeXa treatment and in the control, respectively (Fig. 2) . While percentage mortality did not differ between larvae and nymphs in the controls and within the Drione treatment, 1.3-fold more larvae than nymphs were killed by CimeXa (Fig. 2) . The hair on the calves and underlying skin were not injured by the treatments. Table 1 . Mean (±SE) percentage mortality of Amblyomma americanum larvae and nymphs exposed to CimeXa dust applied to shaved calf skin 4 h before the ticks were released, and when CimeXa was applied to larvae and nymphs attached to the shaved calf skin Control, calf skin not treated with CimeXa; CimeXa 4 h before release, CimeXa was applied to calf skin 4 h before the larvae and ticks were released; CimeXa was applied to larvae and nymphs that were feeding on the calf's skin.
b Means followed by different letters are significantly different (P < 0.05), one-way ANOVA, Tukey's HSD, six replicates.
Lethal and Sublethal Contact Exposure
Factorial analysis showed that 3.3-fold more nonfed adult female A. americanum were immobilized by CimeXa than by Drione (t = 36.77, df = 1, 358, P < 0.0001), and that 2.5-fold more were killed by Drione than by CimeXa (t = 10.50, df = 1, 358, P < 0.0001). Factorial analysis also revealed that 0.1 mg of CimeXa immobilized 2.5-to 2.8-fold more adult females than 0.5, 5, and 10 mg, and no immobilization was observed in the control (F = 5.56, df = 6, 209, P < 0.0001); differences between the control and 0.5, 1, 5, and 10 mg of CimeXa were not found. Factorial analysis also indicated that CimeXa immobilized 1.8-to 8.5-fold more adult females at the 24-h sampling time than at any of the other four sampling times (F = 13.88, df = 4, 209, P < 0.0001). One-way ANOVA determined that immobilization was relatively low (≤23.4%) for each amount of CimeXa at the 2-and 4-h sampling times, and by the 6-h sampling time, all of the adult females were immobilized by 50 mg of CimeXa, which was 2.7-fold more than in the 0.1 mg treatment, and 4.3-fold more than in the 1 mg treatment (the other amounts of CimeXa did not cause immobilization at 6 h) (F = 25.81, df = 34, 209, P < 0.0001) ( Fig. 3A) . At the 24-h sampling time, 1.9-to 15.2-fold more adult females were immobilized by 0.1 mg of CimeXa than in any of the other CimeXa treatments (Fig. 3A) . The 0.5-10 mg CimeXa treatments immobilized 4.4-to 8.1-fold more adult females at 24 h than the 50 mg treatment (Fig. 3A) . At the 48-h sampling time, the 0.1 mg CimeXa treatment immobilized more adult females than the 1, 5, 10, and 50 mg treatments in which immobilization was not found (Fig. 3A) . Adult females were not immobilized in the control at any of the sampling times.
In terms of mortality induced by CimeXa, factorial analysis indicated that the 0.5-5 mg treatments killed 3.6-to 5.2-fold more adult female A. americanum than 0.1 mg and no mortality occurred in the control (F = 5.39, df = 6, 209, P < 0.0001). Factorial analysis also indicated that mortality was 1.6-fold greater at 48 h than at 24 h, and that mortality was 8.6-to 74.7-fold greater at 24 h than at 2, 4, and 6 h (F = 78.67, df = 4, 209, P < 0.0001). One-way ANOVA showed that CimeXa-induced mortality against adult females was negligible for all treatments at the 2-and 4-h sampling times, but at 6 h, 10 mg of CimeXa killed more than the control and the 0.1, 0.5, and 50 mg treatments (F = 84.78, df = 34, 209, P < 0.0001) ( Fig.  3B) . At the 24-h sampling time, the 50 mg CimeXa treatment killed 1.5-to 2.0-fold more adult females than in the 0.5-10 mg treatments and the control, and mortality was not observed in the 0.1 mg treatment and in the control (Fig. 3B) . At the 48-h sampling time, 100% of the adult females were dead in the 1, 5, 10, and 50 mg CimeXa treatments (Fig. 3B) . Mortality was 2.2-to 2.7-fold greater in the 0.5-50 mg treatments than in the 0.1 mg treatment, and mortality was not observed in the control (Fig. 3B) . Factorial analysis on the immobilizing effect of Drione on adult nonfed female A. americanum did not detect differences among the seven levels of exposure. While exposure to Drione failed to cause immobilization at the 2-, 6-, 24-, and 48-h sampling times, immobilization was evident (1.33 ± 0.23 out of five females) at the 4-h sampling time (F = 34.27, df = 4, 209, P < 0.0001). One-way ANOVA detected differences (F = 8.24, df = 34, 209, P < 0.0001). Although no immobilization was observed in the control at any of the sampling times, and in any of the treatments at 2, 6, 24, and 48 h, each of the Drione amounts were associated with some immobilization at the 4-h sampling time (Fig. 4A ). Immobilization was not greater than in the control at 4 h in the 0.5 and 1 mg treatments. The 0.1 mg treatment at the 4-h sampling time immobilized 2.8-, 5.7-, and 2.1fold more adult females than the 0.5, 1, and 50 mg treatments, respectively ( Fig. 4A) .
Factorial analysis showed that lethality of Drione against adult nonfed female A. americanum did not occur in the control, but 68.6 to 78% were killed in the Drione treatments (F = 16.07, df = 6, 209, P < 0.0001). Mortality was not observed at any of the sampling times in the control, nor in any of the Drione treatments at the 2-h sampling time, but mortality was 100% in all of the Drione treatments at the 6-h sampling time (F = 91.62, df = 25, 209, P < 0.0001) ( Fig. 4B) . At the 4-h sampling time, all of the Drione treatments were more lethal than the control (Fig. 4B) . The 1 mg treatment killed 2.1-, 1.4-, 1.4-, and 1.2-fold more adult females than the 0.1, 5, 10, and 50 mg treatments, respectively, at the 4-h sampling time; and the 0.5, 1, and 50 mg treatments killed 1.8-, 2.1-, and 1.7-fold more, respectively, adult females than the 0.1 mg treatment (the 5 and 10 mg treatments were intermediate) ( Fig. 4B) . Mortality at the 4-h sampling time was not different from complete mortality (observed at 6 h) in the 0.5 and 1 mg treatments, but mortality was 56.6, 36.6, 36.6, and 26.6% lower in the 0.1, 5, 10, and 50 mg treatments, respectively, than at the 6-h sampling time (Fig. 4B) .
Although the six amounts of CimeXa applied to nonmated, nonfed adult A. americanum females (and then mated and fed on a calf) had no effect on the weight of egg masses they produced, Drione curtailed egg production in the 0.5-50 mg treatments because Drione was lethal, and egg weight was negligible in the 0.1 mg treatment (F = 19.10, df = 12, 76, P < 0.0001) ( Table 2) . Percentages of eggs hatched in each egg mass were not different from the control in the CimeXa treatments. Percentage hatch was 8-fold greater in the control than for the egg masses that were produced in the 0.1 mg Drione treatment (F = 141.02, df = 12, 76, P < 0.0001) ( Table 2) .
Because each Drione treatment was completely, or nearly, lethal, only CimeXa was assessed for sublethal effects on reproduction, and only the two lowest amounts were used to avoid excessive mortality. Treatment effects in terms of egg mass weight and percentage hatch were not detected when treated females were mated with nontreated males, when treated females were mated with treated males, and when replete mated females were treated (pooled means for egg mass weight and percentage hatch were 0.5 ± 0.05 g and 95.1 ± 1.8%, respectively).
Discussion
Silicon has mostly been used in agriculture as soil amendments to strengthen cell walls of plants, increasing their resistance to crop pests (Ukwungwu and Odebiyi 1985; Meyer 2002, 2003; Laing et al. 2006) . Some applications of silica-based materials for insect control have been aimed against medical and veterinary pests such as bed bugs, C. lectularius (L.) (Donahue et al. 2015) ; the North American malaria mosquito, Anopheles quadrimaculatus Say, the southern house mosquito, Culex quinquefasciatus Say, and the yellow fever mosquito, Aedes aegypti (L.) (Micks 1960) ; horn flies, Haematobia irritans irritans (L.) (Dorsey et al. 1966) ; the poultry red mite, Dermanyssus gallinae (De Geer) (Schulz et al. 2014) ; the tropical rat mite, Ornithonyssus bacoti (Hirst) (Ebeling 1960) ; and deer tick, Ixodes scapularis Say, nymphs (Allan and Patrican 1994) , all of which were effective by killing through desiccation. In laboratory bioassays and on vegetation in a natural habitat, CimeXa was effective at reducing ixodid larvae and nymphs (Showler et al. 2018) .
The mode of action of inert dusts against arthropods is generally assumed to be the destruction of the cuticle's protective wax layer (Ebeling and Wagner 1959; Ebeling 1961 Ebeling , 1971 Ebeling , 1995 , although kaolin has been associated with occlusion of appendages that impedes movement (Glenn et al. 1999 , Puterka et al. 2000 , and with clogging the digestive tract of lepidopteran larvae (Showler 2003) . Ixodids have an outermost hydrophobic wax (lipid) epicuticular layer (Lees 1947 , Cherry 1969 , Ebeling 1971 , Hackman 1982 , Kaufam 2014 . Sufficient disruption of the wax layer results in rapid desiccation, particularly in larvae because of their high surface area to volume ratio, relative to nymphs (Showler et al. 2018 ). CimeXa's lethality is caused by rapid adsorption of the ixodid's wax layer into a matrix of finely divided silica aerogel powder particles (Showler et al. 2018) .
The relatively high larval mortality observed on shaved calf skin predusted with CimeXa demonstrated that silica is an effective barrier to larvae before they attach and feed. Our finding that larvae were more susceptible to the lethal effects of CimeXa that had been applied to the shaved skin than nymphs has also been determined in laboratory bioassays involving CimeXa on A. americanum (Showler et al. 2018) , and another silica gel-based product, Dri-Die, was more effective against I. scapularis larvae than nymphs (Allan and Patrican 1994) .
Insecticidal dusts have advantages that sometimes make them more desirable than conventional liquid pesticide formulations. For example, buildup of resistance against desiccant dusts is unusual and has only been found in bed bugs that developed a thicker cuticle ( Lilly et al. 2016b ) Lilly et al. 2016a) . Arthropods are less likely to develop resistance to inert dusts than more conventional formulations mainly because dust applications are often applied as spot treatments on a temporally irregular basis. Secondly, some pesticide dusts are certified as organic and, for tick control, would be used in organically certified livestock production systems, and in protected environments including wildlife refuges, national and state parks, and other places where synthetic chemical toxins are prohibited or highly undesirable. Dusts (that are not amended with chemical toxicants) are not as risky to humans, pets, livestock, and nonarthropod wildlife as conventional synthetic chemical acaricides. Also, the silica-based dusts we used are inert, nonvolatile, and resistant to degradation (by sunlight and temperature) unlike most chemical-based pesticides; hence, desiccant dusts also have indeterminate shelf lives. There are no known risks pertaining to soil leaching and runoff, and desiccant dust stability can help to minimize repeated intrusions with application equipment into sensitive habitats, thereby decreasing treatment and environmental costs. Because A. americanum larvae and nymphs are vulnerable to CimeXa and Surround (Showler et al. 2018) , it is likely that such products will also be efficacious against other important ixodid tick species.
The first bioassay demonstrated that A. americanum larvae and nymphs are substantially more susceptible to the lethal effects of CimeXa before attaching to the calf to feed than after feeding has begun. Feeding larvae and nymphs were as unaffected by CimeXa as the controls presumably because at the same time that silica particles were facilitating the removal of fluids from the tick, ingestion of fluids was occurring at a sufficiently high rate to offset desiccation until the treated ticks were replete and dropped from the host to molt.
Application of CimeXa to the calf's hair is more practical and economically feasible than shaving the hair off the entire calf before application. When CimeXa was applied to the nonshaven calf's hair before the ticks were released, it was as effective against larvae as applying it to shaved skin (≈90% mortality). Application to hair was more effective against nymphs (by at least 25%) because more parts of the nymph were in contact with CimeXa as they moved along and among treated hairs to reach the skin than when nymphs were released directly onto treated skin (whereby legs were in contact more than other parts of the body). Larvae and nymphs of A. americanum are killed more slowly and, in terms of nymphs, in lower numbers after crawling across CimeXa-treated filter paper than nymphs that were briefly immersed in CimeXa (Showler et al. 2018) . Larvae, owing to their higher body surface area to volume ratio than nymphs, appeared to have had sufficient exposure to induce mortality regardless of whether the skin was shaved or hirsute. Further research will likely determine the residual efficacy of CimeXa on cattle, which, if retained in the hair through time, might provide extended protection against larvae and nymphs. We suggest that, in addition to active dust application to cattle by dust blowing devices, dusts for tick management might also be applied passively such as by hanging duster bags (Swiger 2012) and by creating and using existing dust wallows that are laced with CimeXa.
Pyrethrins are naturally occurring compounds that constitute active insecticidal ingredients of pyrethrum, a natural product extracted from the flowers of the pyrethrum daisy, Chrysanthemum cinerariaefolium (Trevir.) Vis. (Anadón et al. 2013) . The botanical compounds affect peripheral and central nervous systems of arthropods by stimulating nerve cells to produce repetitive discharges and, eventually, paralysis ensues (Davies et al. 2007) . The principal target of pyrethrins is the voltage-dependent sodium channel in the nerve membrane (Davies et al. 2007) . Pyrethroids, which are synthetic analogs exerting the same mode of action as pyrethrins, are commonly used to control a variety of veterinary pests and they are delivered in a variety of ways, from sprays to extended-release ear tags (Davies et al. 2007) . Although resistance to pyrethroid acaricides has been reported (Miller et al. 1999 , Rodriguez-Vivas et al. 2006 , the likelihood of resistance to Drione seems particularly low because it combines two different modes of action, dehydration and interference with nerve impulse transmission (Davies et al. 2007 , Anadón et al. 2013 . Further, Drione contains PBO, a pesticide synergist found in ≈1,600 registered pest control products (NCAMP 2006) . The compound synergizes the effect of many insecticides because it impedes the breakdown of toxic chemicals in insects by inhibiting enzymes (e.g., cytochrome P450 monooxygenase) that metabolize insecticides, increasing the amount of damage toxins can exert against the arthropod (NCAMP 2006 , Bingham et al. 2008 , Romero et al. 2009 , Waliwitiya et al. 2012 , Demkovich et al. 2015 . Strong doses of PBO make an organism temporarily vulnerable to a variety of toxic chemicals that would otherwise be tolerated (NCAMP 2006 , Romero et al. 2009 ). The synergistic relationship of PBO on pesticide action is observed when applied to insects (Young et al. 2006 , Romero et al. 2009 ) and ticks (Li et al. 2010 ) that have otherwise developed resistance to the insecticide. Drione's potent killing effect against larvae and nymphs on bare calf skin within 24 h, whether the product was applied to the calf before tick release, directly onto feeding ticks, or on ticks released onto treated hair, demonstrates that the combination of silica gel with pyrethrin is highly effective for controlling immature ixodids on cattle. While CimeXa required >72 h (<96 h) for tick mortality to occur, Drione killed within 24 h, dramatically increasing its lethality over that of CimeXa.
Sublethal effects of CimeXa and other desiccants on ixodids have not been reported. The immobilization induced by CimeXa and by Drione appeared to segue directly into mortality. CimeXa-associated immobilization was mostly observed at the 24-h sampling time, excluding the highest amount which caused immobility at 6 h. The condition prevents adult ixodids from attaching to and feeding on a treated host and it is possible that interference with feeding occurs before the onset of immobility; hence, CimeXa might prevent transmission of disease agents to hosts before 24 h. Immobilization by CimeXa impedes reproduction by interfering with feeding as well as by averting mating. Immobilization by Drione was substantially more rapid than by CimeXa, occurring with increasing mortality that reached 100% by 6 h; Drione-induced immobilization was brief and led directly to death. Although the onset of mortality in the CimeXa treatments was slower than in the Drione treatments, CimeXa was completely effective even at the lowest amount (0.1 mg) tested. An advantage of silica aerogel-based acaricides is their capacity to exert immobilizing and lethal effects as long as a sufficient residue remains on the host; this will be true for Drione when the potency of the pyrethrins degrades over time.
The inability of Drione-treated adult female A. americanum to produce eggs in the 0.5-50 mg treatments was because the adults died. Exposure to the 0.1 mg Drione treatment revealed that among the ticks that survived, even low exposures can dramatically reduce egg production and egg hatch. Because CimeXa does not contain a chemical toxin, treated adult female A. americanum survived after each treatment because they were able to feed, thereby preventing desiccation. Feeding also permitted mating with males and the ingestion of calf blood appears to have offset the desiccating action of silica aerogel sufficiently to permit normal levels of egg production and egg viability. The failure of sublethal amounts of CimeXa to reduce egg production and egg hatching indicates that male reproductive capabilities are also not negatively affected. Sublethal amounts of CimeXa applied to replete females further demonstrated that sublethal exposure does not interfere with production and hatch of eggs.
Assuming that A. americanum can serve as a model for other ixodid tick species [Showler et al. (2018) reported that CimeXa was effective against A. maculatum and preliminary tests indicate that the two products are also highly effective against R. microplus (A. T. Showler, unpublished data)], each of the products might be useful for tick control on and off domestic and wild hosts, and they might be suitable for environmentally protected habitats such as wildlife refuges. If a method is developed for protecting important ungulate wildlife hosts, such as white-tailed deer, Odocoilus virginianus (Zimmerman), and the exotic nilgai antelope, Bosephalus tragocamelus Pallas), from R. microplus, it is possible that the products will offer long-residual defense against tick-borne babesiosis in cattle. While the pyrethrin component of Drione is anticipated to degrade with time under natural conditions, the silica component is likely to remain lethal indefinitely as long as it remains on the target animal or vegetation. We suggest that CimeXa and Drione are versatile ixodid tick control tactics already have been registered for control of other arthropod pests.
